Human hearing differs from that of chimpanzees and most other anthropoids in maintaining a relatively high sensitivity from 2 kHz up to 4 kHz, a region that contains relevant acoustic information in spoken language. Knowledge of the auditory capacities in human fossil ancestors could greatly enhance the understanding of when this human pattern emerged during the course of our evolutionary history. Here we use a comprehensive physical model to analyze the influence of skeletal structures on the acoustic filtering of the outer and middle ears in five fossil human specimens from the Middle Pleistocene site of the Sima de los Huesos in the Sierra de Atapuerca of Spain. Our results show that the skeletal anatomy in these hominids is compatible with a human-like pattern of sound power transmission through the outer and middle ear at frequencies up to 5 kHz, suggesting that they already had auditory capacities similar to those of living humans in this frequency range. K nowledge about the sensory capabilities of past life forms could greatly enhance our understanding of the adaptations and lifeways in extinct organisms. Audition is the most readily accessible in fossils because it is based primarily in physical properties that can be approached through their skeletal structures (1). Recently, the possibility to analyze auditory capacities in fossil species has been highlighted as one of the major challenges in modern vertebrate paleontology, particularly since the advent of computed tomography (CT)-based analyses (2).
Human hearing differs from that of chimpanzees and most other anthropoids in maintaining a relatively high sensitivity from 2 kHz up to 4 kHz, a region that contains relevant acoustic information in spoken language. Knowledge of the auditory capacities in human fossil ancestors could greatly enhance the understanding of when this human pattern emerged during the course of our evolutionary history. Here we use a comprehensive physical model to analyze the influence of skeletal structures on the acoustic filtering of the outer and middle ears in five fossil human specimens from the Middle Pleistocene site of the Sima de los Huesos in the Sierra de Atapuerca of Spain. Our results show that the skeletal anatomy in these hominids is compatible with a human-like pattern of sound power transmission through the outer and middle ear at frequencies up to 5 kHz, suggesting that they already had auditory capacities similar to those of living humans in this frequency range. K nowledge about the sensory capabilities of past life forms could greatly enhance our understanding of the adaptations and lifeways in extinct organisms. Audition is the most readily accessible in fossils because it is based primarily in physical properties that can be approached through their skeletal structures (1) . Recently, the possibility to analyze auditory capacities in fossil species has been highlighted as one of the major challenges in modern vertebrate paleontology, particularly since the advent of computed tomography (CT)-based analyses (2) .
The recent publication of a detailed comparison of the human and chimpanzee genomes has highlighted several genes involved with hearing that appear to have undergone adaptive evolutionary changes in the human lineage (3) . The authors have suggested that these changes could be related with the acquisition of hearing acuity necessary for understanding spoken language, and they emphasize the importance of further research into hearing differences between humans and chimpanzees (3) . At least one of the human genes mentioned as having undergone adaptive evolutionary change (EYA1) is related to the development of the outer and middle ear (4, 5) . These results are compatible with the known differences in the anatomical structures of the outer and middle ear in chimpanzees and ourselves (6, 7) .
As might be expected from these genetic and anatomical data, the empirical studies of chimpanzee hearing capabilities also show clear differences with human hearing. Chimpanzee audiograms (8, 9) show a W-shaped pattern characterized by two peaks of high sensitivity at Ϸ1 kHz and 8 kHz, respectively, and a relative loss of sensitivity in the midrange frequencies (between 2 and 4 kHz). Of course, this relative loss does not mean that chimpanzees cannot hear in the midrange frequencies, but rather that they are adapted to hear best at Ϸ1 kHz and 8 kHz. It is interesting to note that the species-specific pant-hoots regularly emitted by wild chimpanzees to communicate with conspecifics over long distances concentrate the acoustic information at Ϸ1 kHz (10) .
At the same time, although human audiograms also show a high sensitivity at Ϸ1 kHz, they differ from chimpanzees in lacking the marked relative loss in sensitivity between 2 and 4 kHz, maintaining a relatively high sensitivity within this frequency range (9, (11) (12) (13) .
In this context, knowledge of the auditory capacities in human fossil ancestors could greatly enhance the understanding of when this human pattern emerged during the course of our evolutionary history. A few prior studies have approached this question in fossil hominids, but they should be considered with caution because they are based on simplified physical models relying on only a few anatomical variables (6, 14) .
To accurately approach the auditory capacities in fossil specimens it is necessary to consider the acoustic and mechanical properties of each component of the outer and middle ears and the way in which they interact (15) (16) (17) . Although some of these anatomical components are related to soft tissues (e.g., ligaments) that do not preserve in the fossil record, the remaining skeletal structures can provide relevant information about the auditory capacities in fossil specimens.
Here we have applied a comprehensive physical model, implemented with its analog electrical circuit, to evaluate the effects of the skeletal anatomy on the acoustic filtering and sound power transmission through the outer and middle ears in five individuals from the Middle Pleistocene site of the Sima de los Huesos (SH) in the Sierra de Atapuerca of Spain.
Materials and Methods
Materials. The SH human fossils have a firm minimum radiometric age limit of 350 thousand years (18) . They have been argued to be phylogenetically close to the Neandertals and are attributed to the species Homo heidelbergensis (19) (20) (21) . Among the SH human fossils, there are two adult specimens (Cranium 5 and the isolated left temporal bone AT-84) and one juvenile individual (another isolated left temporal bone labeled AT-421) in which the external and middle ears are exposed, making it possible to directly measure many of the anatomical variables necessary for this study. We have also measured two additional juvenile isolated temporal bones (AT-1907, right, and AT-4103, left) in which the external and middle ears are not exposed. To measure the necessary variables in these individuals, we have relied on their 3D CT reconstructions, using MIMICS 8.0 software (Materialise, Leuven, Belgium). The accuracy of the CT-based measurements in these individuals is guaranteed by the fact that Abbreviations: CT, computed tomography; SH, Sima de los Huesos. ‡ To whom correspondence should be addressed. E-mail: imartinezm@isciii.es. the measurements taken on a similar 3D CT reconstruction of Cranium 5 were not significantly different from the comparable direct measurements taken on this same specimen (Table 1) . Given this agreement, we have relied on all of the values obtained in the 3D CT reconstructions for Cranium 5, AT-1907, and AT-4103. Further, to complete the measurements related with the cavities of the middle ear and mastoid in AT-84 and AT-421, we have used the average value of Cranium 5, AT-1907, and AT-4103 (Table 2 ).
In the SH collection, the malleus (AT-3746) and incus (AT-3747) are preserved in the juvenile right isolated temporal bone AT-1907, allowing us to measure the functional Fig. 1 . RAD1, half of the measured greater diameter of the entrance to the aditus ad antrum from the middle ear cavity (dotted line 2, Fig. 1 A) ; R AD2, half of the measured lesser diameter (perpendicular to RAD1) of the entrance to the aditus ad antrum from the middle ear cavity; R TM1, half of the measured greater diameter of the tympanic membrane measured in the tympanic groove (sulcus tympanicus); R TM2, half of the measured lesser diameter (perpendicular to RTM1) of the tympanic membrane measured in the tympanic groove; R EAC1, half of the measured superoinferior diameter of the external auditory canal at the level of the superior point of the tympanic groove (dotted line 4, Fig. 1 A) ; R EAC2, half of the measured anteroposterior diameter (perpendicular to R EAC1) of the external auditory canal at the level of the superior point of the tympanic groove; MI, mass of the incus; M M, mass of the malleus; AOW, area of the oval window. *The value of R TM1 in AT-421 was reconstructed from the preserved portion of the tympanic ring. † The value of RTM2 in AT-421 was estimated from the values in the other Atapuerca specimens. ‡ Although AT-421 lacks the tympanic portion of the EAC, the preserved squamous portion represents half of the original EAC, and the R EAC2 can be reliably measured directly. § We are confident in using the Atapuerca values because the measured masses and general dimensions of the malleus and incus in the Atapuerca hominids are similar to the published modern human masses (22, 23) and the dimensions measured by us in a multiracial modern human sample (see supporting information). Abbreviations are as in Fig. 1 and Table 1 . RAD, radius of the entrance to the aditus ad antrum, calculated as the average of RAD1 and R AD2 (Table 1) ; ATM, area of the tympanic membrane calculated as an ellipse from RTM1 and RTM2 (Table 1) ; LEAC complete, calculated by multiplying the value of L EAC (Table 1 ) by 1.5, to include the cartilaginous portion of the external ear (6, 24 -26) ; AEAC, cross-sectional area of the external auditory canal calculated as a circle from R EAC1 and REAC2 (Table 1) . For the values related with the middle ear cavities and mastoid air cells in AT-84 and AT-421, we have used the average value of the other three SH specimens. We have used the value from the ear ossicles extracted from AT-1907 for all the SH individuals. We have use the directly measured value of the stapes footplate in Cranium 5 for both AT-1907 and AT-4103. *The footplate area in AT-84 and AT-421 was estimated as 90% of the area of the oval window (A OW in lengths of these bones in a single individual. Cranium 5 preserves its left stapes (AT-667). For AT-84 and AT-421, we have estimated the footplate area from their exposed oval windows (Table 2) . Because the area of the oval windows cannot be measured in the 3D CT reconstructions, we have used the directly measured value of the footplate area in Cranium 5 for the AT-1907 and AT-4103 individuals (Table 2) .
For some specific aspects of the study, we have also measured some variables in the temporal bones from a Spanish Medieval sample (n ϭ 30) and in the ear ossicles in a modern multiracial sample housed in Seneca Falls, New York (n ϭ 41).
The definitions and values of the variables used in the model in this study are presented in Fig. 1 and Tables 2 and 3 .
The Physical Model. The use of electrical circuits to model sound power transmission through the outer and middle ear is a common practice in auditory research (16, 17, (28) (29) (30) (31) (32) . Here we have relied on a slightly modified version of the model published by Rosowski (17) , to estimate the sound power transmission through the outer and middle ears (see supporting information, which is published on the PNAS web site).
The modification we have introduced into the model refers to the cochlear input impedance (Z c ), which has been directly measured for the first time in 11 human cadaver ears by Aibara et al. (27) , who found a flat, resistive cochlear input impedance with an average value of 21.1 G⍀ from 0.1-5.0 kHz. Because our study is focused on the frequency range from 2 to 4 kHz, we have used this empirical value for the cochlear input impedance, rather than the value provided in the original model (17) .
To ensure the reliability of our model, we have compared the theoretical middle ear pressure gain (GME) we have obtained for modern humans (see supporting information) with those measured experimentally (27, 33) , finding no significant differences. Specifically, in the critical region of 4 kHz, our value of
The electrical parameters used in the model are associated with anatomical structures of the ear. Some of these parameters are related with skeletal structures accessible in fossils, whereas others are related with soft tissues that are not preserved in fossil specimens. Table 3 shows the relationship between the electrical parameters and the anatomical structures, together with an analysis of the sensitivity of the model above 2 kHz to each variable.
We have measured or accurately estimated in the SH specimens all of the 13 skeletal variables included in the model (Table  2 ). Because the model requires values for all of the variables, the respective value for modern humans (17, 27) has been used for the remaining 17 soft-tissue-related variables that cannot be measured in fossil specimens (Table 3) . It is important to note that only seven of these have an appreciable effect on the model results above 2 kHz (labeled as medium and high in Table 3 ).
To evaluate the influence of the skeletal variables on the interspecific difference in the acoustic filtering patterns, we have measured (Tables 1 and 2 ), through 3D CT reconstruction, the 13 skeletal variables in one chimpanzee individual (Pan troglodytes), and we have modeled it by using the modern human values (17, 27) for the remaining 17 soft-tissue-related variables, as we have done in the SH specimens.
Although our results are not a true audiogram, it is widely recognized that there is a strong correlation between sound power transmission through the outer and middle ear and auditory sensitivity to different frequencies § § (35) (36) (37) (38) (39) . Given that the results for sound power transmission in our chimpanzee individual agree with those of published audiograms for this species (see below), it is reasonable to conclude that the skeletal differences between humans and chimpanzees can explain an important part of the interspecific differences in their patterns of acoustic filtering in the outer and middle ear. Therefore, these skeletal morphology can be used to approach the sound power transmission pattern in closely related fossil human species.
Theoretical Variability in Chimpanzees and Modern Humans.
To evaluate whether the effects of the intraspecific skeletal variation could result in the chimpanzee and modern human sound power transmission curves overlapping, we have modeled two theoretical extreme individuals: (i) a ''human-like'' chimpanzee, using values at the extreme of the chimpanzee variability toward those of modern humans, and (ii) a ''chimpanzee-like human,'' using values at the extreme of the human variation toward those of chimpanzees (see supporting information).
Clearly, when constructing these theoretical chimpanzee and modern human individuals, we have been limited to relying on those skeletal variables whose intra and interspecific variation is known. Nevertheless, because the skeletal variables that are modified all have a relatively strong effect on the model (labeled medium or high in Table 3 ), we are confident the analysis is useful to evaluate the results.
We should highlight one important implication from the way that the human-like chimpanzee individual was constructed. We have used modern human values for two skeletal variables (A EAC and M I ϩ M M ) in which the chimpanzee range of variation is not known (but which seem to have lower values than modern humans) to model the human-like chimpanzee (see supporting information). This use of modern human values has the effect of overestimating the variation of the chimpanzee toward modern humans, making our human-like chimpanzee, in fact, ''superhuman-like.'' § § It is also well understood that some fundamental aspects of hearing, such as bandwidth limits, are determined by properties of the inner ear (34).
Fig. 1. Measurements of the middle and external ear (A) and ear ossicles (B).
A and B are not drawn to the same scale. A is based on the CT images of Cranium 5. V MA, volume of the mastoid antrum and connected mastoid air cells, measured from its limit with the aditus ad antrum (dotted line 1); V AD, volume of the aditus ad antrum, measured from its limit with the middle ear (dotted line 2) to its limit with the mastoid antrum (dotted line 1); V MEC, volume of the middle ear cavity measured from its limit with the aditus ad antrum (dotted line 2) to the edge of the tympanic groove (dotted line 3); L AD, length of the aditus ad antrum, measured as the mean distance from its limit with the middle ear cavity to the entrance to the mastoid antrum; L EAC, length of the external auditory canal, measured from the superior point of the tympanic groove to the spina suprameatum. Dotted line 4 marks the level at which the cross-sectional area of the external auditory canal (A EAC) was measured. B is based on the profiles of the malleus and incus from the temporal bone AT-1907 and the stapes from Cranium 5. L M, functional length of the malleus, measured as the maximum length from the superior border of the short process to the inferior-most tip of the manubrium; L I, functional length of the incus measured from the lateral-most point along the articular facet to the lowest point along the long crus; A FP, measured area of the footplate of the stapes.
Results and Discussion
To evaluate the sound power transmission through the outer and middle ears, we have calculated the sound power at the entrance of the cochlea relative to P 0 ϭ 10
Ϫ18
W for an incident plane wave intensity of 10 Table 4 ).
Our results in modern humans agree with those published by Rosowski (17) that show two peaks in pressure gain at Ϸ1 and 3 kHz (Fig. 2) . At the same time, our results for the chimpanzee agree with those obtained in audiograms (8, 9) in showing a peak in heightened sensitivity Ϸ1 kHz and a steep loss in Table 3 . Definition of the electrical parameters, their related anatomical variables, the source of the value used, and the sensitivity analysis for frequencies above 2 kHz in the model (17) Low (E) RT tympanic membrane and mallear All definitions and abbreviations of the electrical parameters follow Rosowski (17) , except ZC (cochlear input impedance), which follows Aibara et al. (27) . Anatomical variables are as in Fig. 1 and Table 2 . Sensitivity is measured as the difference between the value for sound power at the entrance to the cochlea (in dB), using the values provided by Rosowski (17) and Aibara et al. (27) , and that obtained by increasing and decreasing the individual anatomical variable (A) or electrical parameter (E) by 50% from the respected values reported by Rosowski (17) and Aibara et al. (27) . Sensitivity has been classified into three broad groupings: low (Յ1 dB difference), medium (Ͼ1 to Յ3 dB difference), and high (Ͼ3 dB difference). *The mass of the tympanic membrane was estimated based on its area, extrapolating from the values for modern humans provided by Rosowski (17) .
† The value provided for this variable in Rosowski (17) is infinite and is not included in the sensitivity analysis. sensitivity from 2-4 kHz (Fig. 2) . Further, between 2-4 kHz, the human and chimpanzee curves clearly separate, coinciding with that suggested by previous researchers based on audiograms (8, 9) , reaching a maximum difference of 16.8 dB at 4,385 Hz. As mentioned above, we interpret this agreement as evidence that the differences in skeletal anatomy can explain much of the interspecific differences in the sound power transmission between these closely related species and, consequently, can also be used to validly infer sound power transmission patterns in fossil hominids. The sound power transmission curves obtained for the SH hominids, chimpanzee, and modern human individuals and their theoretical ranges of variation are shown in Fig. 3 . In addition, Table 4 provides the numerical values for the sound power at the entrance to the cochlea at 3, 4, and 5 kHz. Up to Ϸ3 kHz, the curve of the human-like chimpanzee overlaps the modern human and SH ranges of variation. Above 3 kHz the chimpanzee curves show a sharp drop in sound power transmission, whereas the modern human curves maintain higher values for sound power transmission. Between 3 and 5 kHz, the distance between the curves that delimit the chimpanzee and human theoretical variation are separated by Ϸ10 dB, which is especially relevant, given that (as mentioned above) the chimpanzee range of variation toward humans has been overestimated.
At the same time, the sound power transmission curves obtained for the SH hominids are clearly separated from the chimpanzee variation in the distinctive region of Ϸ4 kHz (from 3 to 5 kHz), falling near or within the modern human variation (Fig. 3 and Table 4) .
Thus, our analysis shows that the skeletal anatomy of the outer and middle ear in the SH hominids is compatible with a human-like sound power transmission pattern, clearly different from chimpanzees in the critical region of Ϸ4 kHz. Because the SH hominids are not on the direct evolutionary line that gave rise to our own species, but form part of the Neandertal evolutionary lineage (19) (20) (21) , it is conceivable that this condition was already present in the last common ancestor of modern humans and Neandertals. Analysis of Neandertal mtDNA suggests that this last common ancestor probably lived at least 500 thousand years ago (40) (41) (42) , and it has been argued to be represented among the 800,000-year-old fossils from the TD6 level at the site of Gran Dolina (Sierra de Atapuerca, Spain) attributed to the species Homo antecessor (43, 44) .
It is reasonable to speculate on the relation between the evolution of human hearing and human spoken language (3). Although much of the acoustic information in spoken language is concentrated in the region up to Ϸ2.5 kHz (e.g., the first two formant frequencies of the vowels) (45) (46) (47) , the region between 2 and 4 kHz also contains relevant acoustic information in human speech (47) (48) (49) . In fact, the frequency range used in telephones reaches up to 4 kHz to ensure the intelligibility of the communication. From this point of view, our results suggest that the skeletal characteristics of the outer and middle ear that support the perception of human spoken language were already present in the SH hominids.
Keeping in mind the direct relation between the auditory patterns in animals and the sounds they are capable of producing (9, (49) (50) (51) (52) (53) , the immediate implications of our results for the study and reconstruction of the anatomical structures related with speech production in fossil humans have not escaped our notice. Results from modern human (solid line) and chimpanzee (dashed line) individuals are shown and were obtained by using the model defined by Rosowski (17) and the cochlear input impedance (Z c) of Aibara et al. (27) . Chimpanzee individual is based on the 3D CT reconstruction.
